Abstract Endothelial dysfunction is an imbalance in the production of vasodilator factors and when this balance is disrupted, it predisposes the vasculature towards prothrombotic and pro-atherogenic effects. This results in vasoconstriction, leukocyte adherence, platelet activation, mitogenesis, pro-oxidation, impaired coagulation and nitric oxide production, vascular inflammation, atherosclerosis and thrombosis. Endothelial dysfunction is focussed as it is a potential contributor to the pathogenesis of vascular disease in diabetes mellitus. Under physiological conditions, there is a balanced release of endothelial-derived relaxing and contracting factors, but this delicate balance is altered in diabetes mellitus and atherosclerosis, thereby contributing to further progression of vascular and endorgan damage. This review focuses on endothelial dysfunction in atherosclerosis, insulin resistance, metabolic syndrome, oxidative stress associated with diabetes mellitus, markers and genetics that are implicated in endothelial dysfunction.
Introduction
Endothelium is the biological active inner layer of the blood vessels, which controls vascular and thus organ functions. The arterial vessel is outlined by three distinct layers; tunica intima-a single layer of endothelial cells, tunica media-which comprises the vascular smooth muscle cell (VSMC) and tunica adventitia, an elastic lamina with terminal nerve fibres and surrounding connective tissue. The endothelium plays an important role in vascular homeostasis by modulating blood flow, delivery of nutrients, VSMC proliferation and migration, fibrinolysis and coagulation, inflammation, platelet and leukocyte adherence [1] . To carry out the above functions, the endothelium produces components of the ECM such as collagen and a variety of regulatory mediators, including nitric oxide (NO), prostanoids, endothelin-1 (ET-1), angiotensin II (Ang II), tissue-type plasminogen activator (t-PA), plasminogen activator inhibitor-1 (PAI-1), von Willebrand factor (vWF), adhesion molecules and cytokines. The production of these moieties is responsible for various stimuli [2] . Normal endothelium actively decreases vascular tone, limits leukocyte adhesion and thus inflammatory activity in the vessel wall, maintains vascular permeability to nutrients, hormones, other macromolecules and leucocytes, inhibits platelet adhesion and aggregation by producing prostacyclin and NO, limits activation of the coagulation cascade by the thrombomodulin/protein C, heparan sulphate/antithrombin and tissue factor/tissue factor pathway inhibitor interactions, regulates fibrinolysis by producing t-PA and its inhibitor PAI-1. Endothelial cell constitutively express endothelial nitric oxide synthase (eNOS) that after Ca 2? /calmodulin binding generates NO using L-arginine as a substrate together with cofactors, e.g., NADPH and tetrahydrobiopterin. NO then rapidly diffuses into VSMC and binds to a heme group of soluble guanylate cyclase. This event results in the formation of cyclic guanosine monophosphate (cGMP), activating a cGMP dependent protein kinase, which leads to an increased extrusion of Ca 2? from cytosol in VSMC, inhibiting the contractile machinery and there by initiating vasodilation [3] . The production and release of NO may be further increased by circulating factors, such as acetyl choline (ACh), bradykinin and serotonin. NO is also released by physical stimuli such as shear stress and ischemia which is not Ca 2? /calmodulin dependent. Apart from vasodilator effect, NO inhibits expression of proinflammatory cytokines, chemokines and leukocyte adhesion molecules, thereby limiting vascular recruitment of leukocytes and platelets. It also inhibits VSMC proliferation, an early sign of atherosclerosis [4] . Therefore, the NO synthesized by endothelial cells is an important endothelium-derived mediator, because of its vasodilator, antiplatelet, anti-proliferative, permeability-decreasing and anti-inflammatory properties [5] . NO inhibits leucocyte adhesion and rolling as well as cytokine-induced expression of vascular cell adhesion molecule-1 (VCAM-1) and monocyte chemotactic protein-1 (MCP-1) [6] , effects that are at least in part attributable to inhibition of the transcription factor nuclear factor jB (NF-jB) [7] .
The endothelial dysfunction (ED) is an imbalance in the production of vasodilator factors, e.g., NO, prostacyclin (PGI 2 ), endothelial derived hyperpolarizing factor (EDHF) and vasoconstricting factors, e.g., ET-1, Ang-II and prostaglandin (PGH2). When this balance is disrupted, it predisposes the vasculature towards pro-thrombotic and proatherogenic effects. This results in vasoconstriction, leukocyte adherence, platelet activation, mitogenesis, prooxidation, impaired coagulation, vascular inflammation, atherosclerosis and thrombosis [8] .
In the presence of suboptimal concentrations of substrate or cofactors for the synthesis of NO, eNOS may become uncoupled, resulting in the production of reactive oxygen species (ROS). At high concentrations of ROS, the scavenging system is impeded and NO may rapidly react with superoxide species to form peroxynitrite, exaggerating the oxidative stress further. The molecular cause of oxidative stress may be due to hyperglycemia, dyslipidemia, cigarette smoking, inflammation and insulin resistance. Many studies demonstrate that the loss of biological activity and/or biosynthesis of NO are the molecular basis of ED [9] .
The endothelium has a limited intrinsic capacity of selfrepair, being built up by terminally differentiated cells with a low proliferative potential. Therefore the endothelial repair is accomplished through the contribution of circulating cells, namely endothelial progenitor cells (EPCs), in physiological and pathological conditions. An earlier study states that EPCs has a central role in the development and progression of virtually all diabetic complications [10] . A key mechanism of diabetic vascular disease is the development of ED, which is characterized by a loss of NO and development of a proinflammatory vascular phenotype that promotes atherosclerosis and cardiovascular events [11] . Another study reported that continuous intravenous infusion of glucagon-like peptide-1 (GLP-1) resulted in short-term, blood glucose-independent improvement of vascular ED [12] . It has been reported that GLP-1 receptors are expressed in vascular endothelial cells and it has been reported to directly increase NO production and inhibit the expressions of endothelial cell adhesion factors [13] .
Endothelial Dysfunction in Type 2 Diabetes Mellitus
ED is focussed as it is a potential contributor to the pathogenesis of vascular disease in DM. Under physiological conditions, there is a balanced release of endothelial-derived relaxing and contracting factors, but this delicate balance is altered in DM and atherosclerosis, thereby contributing to further progression of vascular and end-organ damage [14] . Endothelium plays an important role in regulating vascular tone and structure. A healthy endothelium inhibits platelet and leukocyte adhesion to the vascular surface and maintains a balance of profibrinolytic and prothrombotic activity [15] . Hyperglycemia is the major factor in the development of ED in DM. Insulin resistance has been described in several diseases that increase cardiovascular risk and mortality, such as DM, obesity, hypertension, metabolic syndrome and heart failure. Increasing evidence suggests that the progression of insulin resistance to T2D parallels the progression of ED to atherosclerosis.
ED in diabetes originates from the following sources, (1) hyperglycaemia and its immediate biochemical complications directly alter endothelial function; (2) high glucose influences endothelial cell functioning indirectly by the synthesis of growth factor and vasoactive agents in other cells; (3) the components of the metabolic syndrome. In normal conditions, glucose is metabolized through the glycolytic pathway. An increase in intracellular glucose leads to an increase in four pathways: the flux of glucose to sorbitol via the sorbitol pathway, an increase in fructosamine 6-phosphate via the hexosamine pathway, the activation of protein kinase-C (PKC) via de novo synthesis of diacylglycerol (DAG) and the formation of advanced glycosylation end-product (AGE) (Fig. 1) . Excess glucose can be metabolized in the sorbitol pathway to sorbitol and fructose by aldose reductase (AR) and sorbitol dehydrogenase (SDH). In hexosamine pathway, fructose 6-phosphate is converted into fructosamine 6-phosphate by the enzyme glutamine fructose-6-phosphate amidotransferase (GFAT) and subsequently into GlcNAc. The mechanism responsible for the activation of PKC by hyperglycaemia is related to de novo synthesis of the PKC activator, DAG from a stepwise acylation of glycerol 3-phosphate (GP) and phosphatidic acid (PA). The above four biochemical and metabolic mechanisms are the consequence of a hyperglycaemia induced overproduction of oxidative stress in the mitochondria. In addition to this pathway, hyperglycaemia may lead to increased reactive oxygen species (ROS) by activation of NADPH oxidase, inactivation and reduced expression of the antioxidant enzymes, catalase and superoxide dismutase (SOD) or uncoupling of endothelial nitric oxide synthase (eNOS) [16] .
Endothelial Dysfunction and Atherosclerosis
Atherosclerosis is a condition in which an artery wall thickens as a result of the accumulation of cholesterol and triglycerides and the hardening of the arteries is caused by the formation of multiple plaques within the arteries. Atherogenesis is the deleterious alterations of endothelial physiology, an early step in the development of atherosclerosis and also involve in plaque progression and occurrence of atherosclerotic complications. Most of the risk factors related to atherosclerosis and cardiovascular morbidity and mortality, are found to be associated with ED. Many of these risk factors, including hyperlipidemia, hypertension, diabetes and smoking are associated with overproduction of ROS or increased oxidative stress [17] .
In the atherosclerotic process, ED is a key factor which precedes and creates a vulnerable environment in the arteries. During advanced ED in T2D, leukocytes and other inflammatory cells infiltrate the intimal layer of the endothelium [18] . Abnormalities in platelet function and coagulation are also commonly seen in T2D patients. The angiopathic processes are exaggerated in T2D, associated with increased inflammation and intraplaque haemorrhage. Macrophage infiltration is increased in plaques and procoagulant factors are up-regulated in T2D patients. These differences in plaque composition, coagulation, platelet function and inflammation may contribute to the advanced atherosclerosis seen in T2D [19] .
Endothelial Dysfunction and Insulin Resistance
Insulin resistance is defined as the decreased ability of insulin to promote glucose uptake in skeletal muscle and adipose tissue. To suppress hepatic glucose output, may be present for many years before the development of any abnormality in plasma glucose levels [20, 21] . Insulin resistance syndrome encompasses more than a subnormal response to insulin-mediated glucose disposal. Patients with this syndrome have elevated blood pressure, hyperlipidemia and dysfibinolysis even without any clinically demonstrable alteration in plasma glucose concentrations. Insulin resistance may be linked to ED by a number of mechanisms, including disturbances of sub cellular signalling pathways common to both insulin action and NO production. Other potential unifying links include the roles of oxidative stress, endothelin, renin angiotensin system, the secretion of hormones and cytokines by adipose tissue. Individuals who advance toward the development of T2D experience progressive deterioration of glucose tolerance over time. Obesity is also has an important genetic component, invariably exacerbates any degree of insulin resistance [19] . Obesity and insulin resistance are usually present for many years before the appearance of other abnormalities such as hypertension, dyslipidemia, T2D and CVD. In some individuals, obesity and insulin resistance may be present during childhood and adolescence [21] .
Multiple, interrelated mechanisms contribute to ED in insulin resistance. It is known that eNOS infiltrates into caveolae, which are cholesterol-rich invaginations present in endothelial cells and VSMC that decrease vasoconstrictive responses to Ang-II, endothelin and constitutive eNOS activity in animals [22] . Addition of oxidized LDL-c to cultured endothelial cells disrupts the caveolae complex and is thought to be associated with decreased eNOS activity and ED [23, 24] . HDL-c can prevent the oxidized LDL-mediated decrease in cholesterol in caveolae, prevent the translocation of eNOS and caveolin from caveolae, and prevent the decrease in responsiveness to Ach [25] . These effects occur because HDL-c donates cholesterol to the caveolae complex. These cellular events are consistent with the pro-atherogenic effects of LDL-c, oxidized LDL-c and the protective effects of HDL-c. The presence of hypertension and other atherosclerotic risk factors is associated with increased vascular Ang-II generation and activity [26] . Because Ang-II and insulin activate a common signalling pathway, increased sensitivity to Ang-II may occur in the hyperinsulinemic, insulin-resistant state. In addition, Ang-II stimulates ICAM-1 and monocyte chemo-attractant protein-1 (MCP-1) through the mitogen activated protein kinase (MAPK) pathway in endothelial cells and VSMC [27] .
Endothelial Dysfunction and Metabolic Syndrome
Hypertension, dyslipidemia and hyperglycemia were noted as resistant to insulin stimulated glucose uptake and the changes associated with this comprise a syndrome known as metabolic syndrome. WHO defined metabolic syndrome as insulin resistance/IGT/IFG/diabetes together with two of the components, hypertension, hypertriglyceridemia, low LDL-c, central obesity and microalbuminuria. The risk factors or metabolic syndrome increase the risk for CVD along with T2D [28, 29] . The initiation and progression of atherosclerosis may have its origins in impaired endothelial function that can be detected at early stages of development of the syndrome. The basic elements of the metabolic syndrome and accelerated phase of atherogenesis are often silent partners that present many years before the onset of T2D [30] . Over time, insulin resistance is associated with more components of the metabolic syndrome including, low HDL-c level, hypertension, increased vascular production of ROS, increased plasma PAI-1-mediated thrombotic tendency, hyperuricemia, high triglyceride levels and elevation of oxidation-prone LDL-c levels [31] .
Oxidative Stress and Endothelial Dysfunction
Diabetic endothelium produces an increase in both O 2 -and H 2 O 2 leading to enhanced intracellular production of OH Á .
Thus OH Á is implicated in diabetes-induced endothelial dysfunction [32] . ROS are generated at sites of inflammation and injury. ROS at low concentrations can function as signalling molecules participating as signalling intermediates in the regulation of fundamental cell activities such as cell growth and cell adaptation responses, whereas at higher concentrations, ROS can cause cellular injury and death. The vascular endothelium, which regulates the passage of macromolecules and circulating cells from blood to tissues, is a major target of oxidative stress, playing a critical role in the pathophysiology of several vascular diseases and disorders. Specifically, oxidative stress increases vascular endothelial permeability and promotes leukocyte adhesion, which is coupled with alterations in endothelial signal transduction and redox-regulated transcription factors [33] . Decreased endothelium-dependent vasodilation in diabetic subjects is associated with the impaired action of NO secondary to its inactivation resulting from increased oxidative stress, rather than decreased NO production from vascular endothelium, and that abnormal NO metabolism is related to advanced diabetic microvascular complications [34] . Endogenous ROS in high quantities overwhelm the innate antioxidant defense system leading to oxidative stress. Oxidative stress appears to be involved in aging and various diseases, including DM [35] . The glucolipotoxicity is complicated with endothelial dysfunction and susceptible to oxidative stress, as higher blood glucose level is associated with free radical-mediated lipid peroxidation [36] . Oxygen free radicals in DM can cause peroxidative breakdown of phospholipids that lead to accumulation of malondialdehyde (MDA). It plays a key role in modifying LDL-c, which mediates the pathophysiological changes by non-enzymatic and auto-oxidative glycosylation [37] . Cigarette smokers have elevated levels of oxidized macromolecules owing to increased ROS production and may act as an additional risk factor in the complications of DM [38] . The distressed equilibrium between pro-oxidants and antioxidants in DM alters the metabolic status of body, leading to development of microvascular and macrovascular complications that may increase with duration of the disease.
Glutathione, the tripeptide, c-L-glutamyl-L-cysteinylglycine (GSH), is an antioxidant molecule synthesised in almost all living cells. GSH is able to protect cells from oxidation by virtue of the reducing power of the thiol group on the cysteine portion of the molecule. A consistent finding in T2D is a high free radical load, which is associated with the hyperglycemia. The elevated glucose binds to proteins, glycating them and leads to the formation of advanced glycation end products (AGEs) and many free radicals [39] . Advanced glycation end products are associated with tissue damage and aging [40] . The glycation of proteins in DM increases the rate of free radical production by nearly 50-fold, and the generated free radicals were found to increase peroxidation of polyunsaturated fatty acids (PUFAs) in the cell membrane nearly twofold over control levels [41] . The less well the diabetes is controlled, i.e., the higher the blood glucose concentration, the more likely is the formation of glycated proteins. Glycated haemoglobin (HbA1c) is routinely measured in T2D, because once formed, it remains for the lifetime of the erythrocytes (120 days) and therefore acts as a reliable monitor of blood glucose control over 4 months. Glycation of haemoglobin of less than 6 % is normal. HbA1c is more negatively charged than haemoglobin and has a higher oxygen affinity therefore reducing gaseous exchange at the tissues [42] . A decrease in GSH concentration in the erythrocytes of T2D patients is widely reported and this depletion of GSH is considered to be indicative of increased oxidative stress. However, many authors report unchanged or elevated GSH concentrations in the erythrocytes of T2D patients [43] .
Serum Markers of Endothelial Dysfunction
Generally the substances released by endothelium have important autocrine as well as paracrine functions and help to maintain the normal health of vascular wall, haemostatic functions and hemodynamic balance of the entire body [15] . There are many clinical markers proposed to link inflammation and atherosclerosis. ED or damage can be approximated through measurement of serum biomarkers, such as ET-1, vWF, t-PA, PAI-1, ICAMs, VCAMs, E-selectin, P-selectin, high sensitive C-reactive protein (hsCRP) and NO which are released from endothelial cells.
It is perceived that chronic low-grade inflammation as evidenced by elevated hsCRP might potentially be a cause underlying the etiology and manifestation of T2D. Circulating hsCRP is a strong predictor of cardiovascular death [44] . CRP is released by the cytokines IL-1, TNF-a and IL-6 from the liver as acute phase reactant in response to inflammation. It may directly promote atherosclerosis and endothelial inflammation [12] . It may directly trigger the development of a pro-inflammatory and pro-atherosclerotic state, leading to atherothrombosis [45] . The in vitro data, largely in endothelial cells, but also in monocytes/macrophages and vascular smooth muscle cells, have suggested a role for CRP in atherogenesis [46] . The pro-inflammatory, pro-atherogenic effects of CRP that have been documented in endothelial cells include the following: decreased NO and prostacyclin and increased ET-1, cell adhesion molecules, MCP-1, IL-8 and PAI-1. In monocytes/macrophages, it induces tissue factor secretion, increases ROS and pro-inflammatory cytokine release, promotes monocyte chemotaxis and adhesion and increases oxidized LDL-c uptake. CRP has also been shown in vascular smooth muscle cells to increase inducible NO production, increase NF-jB and MAPK activities and most importantly, up-regulate Ang II type 1 receptor, resulting in increased ROS and vascular smooth muscle cell proliferation.
NO is produced by the conversion of L-arginine to Lcitrulline by eNOS. NOS is activated, upon stimulation of endothelium by a variety of stimuli including shear stress, substance P and acetyl choline. NO, thus formed diffuses into the underlying vascular smooth muscles to stimulate the activation of guanylate cyclase, which in turn converts GTP to the smooth muscle relaxant compound cGMP in the vascular smooth muscle cells [47] . The increase in cGMP leads to activation of cyclic GMP-dependent protein kinase, which in turn leads to phosphorylation of potassium dependent channels with consecutive hyper polarization and extrusion of calcium ions resulting in VSMC relaxation [48] .
Genetics of Endothelial Dysfunction
Single nucleotide polymorphisms (SNPs) are small genetic changes or variations of a single base found in the sequence of DNA and are defined as polymorphisms when they are present at 1 % or more within a population. The frequency of each SNP is highly variable between different populations within a single species. It is well known that genetic factors contribute to the appearance and development of these chronic micro-and macro-angiopathic complications, but environmental factors usually trigger their appearance. Among these factors, as a product of hyperglicemia, ROS generate endothelial damage. The development of T2D requires the involvement of genetic and environmental factors such as obesity and sedentary lifestyle that determine hyposecretion of insulin in response to glucose stimulation and a decreased insulin action in peripheral tissues. Even the more common forms of atherosclerosis manifest in later life, they are partly heritable, arising as a result of common environmental exposures (risk factors) and many common gene variants (polymorphisms) with small to moderate effect [49] .
The vessels in the offspring or relatives of patients with premature CAD show structural and functional changes more commonly, even before clinically manifestations start [50] . Therefore, individual differences in endothelial function are susceptible to later atherosclerosis, might relate not only to different levels of exposure to risk factors, but also to inter-individual differences in the carriage of risk alleles of genes expressed in the vascular endothelium. The atheroprotective actions of endothelial mediators such as NO suggest that genes that regulate synthesis and inactivation of these mediators might be important. The products of various gene SNPs implicated in ED are associated with endothelium dependent vasoreactivity. These include angiotensin converting enzyme, methylene tetrahydrofolate reductase (MTHFR), neuropeptide Y, the bradykinin receptor, IL-6, osteoprotogerin, glutathione cysteine ligase and the G-protein b3-subunit. The SNP of the following genes are associated with endothelial dysfunction and CAD, i.e., Connexin-37 (GJA4, gap junction component in endothelium and other tissues), eNOS, Endothelin-1 (EDN1, vasoconstrictor produced by vascular endothelial cells), E-selectin (involves in adhesion of leukocytes to vascular endothelial cells), IRS-1 (substrate of insulin receptor tyrosine kinase), IL-6 (promotion and regulation of acute inflammatory response), IL-10 (anti-inflammatory cytokine that inhibits cytotoxic activity), thrombomodulin (THBD, vascular endothelial cell surface receptor for thrombin), TNF-a (pro-inflammatory cytokine).
Studies have provided evidence for altered NO metabolism and impaired endothelial function in diabetes, probably due to polymorphisms in the eNOS gene [51] . NO is synthesized by a family of NOS enzymes in which three isoforms have been identified: two constitutive, the neuronal NOS (nNOS or NOS-1) and endothelial NOS (eNOS or NOS-3) and one inducible NOS (iNOS or NOS-2). eNOS is the main contributor of circulating NO [52] . Each isoform is coded by separate genes with a different pattern of expression [53] . eNOS gene is located on chromosome 7 and it comprises 26 exons and 25 introns, with an entire length of 21 kb. Variants of eNOS gene contribute to ED and attenuate the NO production. Dysfunctional eNOS may play a critical role in the pathogenetic pathway, leading to diabetic vascular complications [54] . Several polymorphisms of the eNOS gene have been identified, and their association with various diseases has been investigated, including CAD, MI, coronary spasm, hypertension, endstage renal disease (ESRD) and diabetic nephropathy [55] .
IRS-1 is a protein that in humans is encoded by the IRS-1 gene. It plays a key role in transmitting signals from insulin and insulin-like growth factor-1 receptors to intracellular pathways PIK3 and MAPK pathways. PIK3 cascade controls IGF-1 mediated cell growth and survival [56] . IRS-1 gene has been proposed as having a role in the insulin-resistant disorders. The genetic analysis of the IRS-1 gene has revealed several base-pair changes that result in amino acid substitutions. Earlier studies have indicated that the presence of a mutated IRS-1 gene is associated with dyslipidemia, further suggesting that this gene variant may have a significant effect on several risk factors for CAD [57] . The naturally occurring mutations in IRS-1 have been identified to cause severe insulin resistance and diabetes. IRS-1, a major substrate for the insulin receptor tyrosine kinase is a candidate gene for inherited defects that predispose to diabetes. The most common amino acid change is a glycine to arginine substitution at codon 972 (G972R variant) has been implicated in both abnormal metabolic actions of insulin as well as defective insulin secretion [58, 59] . Earlier study demonstrated that the presence of the Arg972 allele is associated with lower IMT values of the carotid arteries [60] .
In our earlier study, we have found that intimal medial thickening (IMT) of carotid artery was significantly higher in T2D patients and also increased with age and family history. The increased levels of lipids, hsCRP, IMT and decreased nitrite levels might contribute to the risk of ED in patients with T2D [61] .
Conclusion
T2D is one of the major risk factor for ED and atherosclerosis which is presumably due to physiological, environmental factors (inflammation, age and hypertension) and genetic factors (SNPs of eNOS and IRS-1). Polymorphisms may affect crucial processes such as synthesis, repair and methylation of DNA; induce hyperhomocysteinemia; influence GSH levels and increase in oxidative stress. These cellular and biochemical changes might trigger atherosclerosis in T2D and thus inflating CAD risk.
